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Why Search for the Higgs Boson

• we know 12 bosons: γ, Z0, W+, W−, 8 gluons

– carry force, spin=h̄=1

• in early Universe: all massless, forces unify

• as Universe cools down

– symmetry spontaneously breaks

|γ〉 = cos θW |B0〉 + sin θW |W 0〉 light

|Z0〉 = sin θW |B0〉 + cos θW |W 0〉 heavy

– weak interactions become weak (Z0, W± mass)

– Higgs field in vacuum – possible mechanism

⇒ look for its excitation, the Higgs boson

• is vacuum stable ⇒ fate of the Universe?

Andrei Gritsan, JHU II 9 July 2012



Constraints on the SM Higgs Boson

• SM Higgs boson mass mH unknown; constraints:

– indirectly due to mW , mt at Tevatron, LEP/SLD

mW related to mt (quadratic) and mH (log) from loop corrections

– directly due to LHC, LEP, Tevatron

open 115 < mH < 127 GeV
W-Boson Mass  [GeV]

mW  [GeV]
80 80.2 80.4 80.6

!2/DoF: 0.1 / 1

TEVATRON 80.387 ± 0.016

LEP2 80.376 ± 0.033

Average 80.385 ± 0.015

NuTeV 80.136 ± 0.084

LEP1/SLD 80.362 ± 0.032

LEP1/SLD/mt 80.363 ± 0.020

March 2012

Top-Quark Mass   [GeV]

mt   [GeV]
160 170 180 190

!2/DoF: 6.1 / 10

CDF 172.5 ± 1.0

D" 174.9 ± 1.4

Average 173.2 ± 0.9

LEP1/SLD 172.6 +  13.5172.6 #  10.4

LEP1/SLD/mW/$W 179.7 +  11.7179.7 #   8.7

March 2012
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The Hunt for the Higgs Boson

• Excite vacuum: gg, VBF,.. → H → ZZ(∗), WW (∗), γγ, τ+τ−, bb̄,..
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The Challenge is Background

• At LHC might have produced > 100000 Higgs bosons / experiment

gluon fusion weak boson fusion associated production

• The challenge is to distinguish signal from backgrounds, examples:

qq̄ → ZZ(∗)(γ(∗)) qq̄ → Z(γ)+jets gg→ tt̄

Andrei Gritsan, JHU V May 14, 2012



CMS on Track for Discovery

• In December 2011

excluded SM Higgs

127 < mH < 600 GeV

tantalizing hint mH ∼ 125 GeV

• In July 2012

expect for SM Higgs

up to 6σ observation

H → ZZ(∗), γγ,WW (∗), bb̄, ττ
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Excellent	  
performance	  
of	  the	  LHC

7

2012	  cer8fied
‘Golden’:	  5.19	  B-‐1	  (85%)

Muon:	  	  	  	  5.62	  B-‐1	  (92%)

Thanks	  to	  excellent	  LHC	  performance	  	  	  	  	  	  	  	  	  	  



CMS
3.8T Solenoid

ECAL 76k scintillating 
PbWO4 crystals

HCAL Scintillator/brass
Interleaved ~7k ch

• Pixels (100x150 µm2) 
    ~ 1 m2 ~66M ch
•Si Strips (80-180 µm)
   ~200 m2 ~9.6M ch

Pixels	  &	  Tracker

MUON	  BARREL
250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC)

473 Cathode Strip Chambers (CSC)
432 Resistive Plate Chambers 
(RPC)

MUON	  ENDCAPS

Total	  weight	  	  	  	  	  	  	  	  	  14000	  t
Overall	  diameter	  	  	  15	  m
Overall	  length	  	  	  	  	  	  	  28.7	  m

IRON	  YOKE

YBO
YB1-2

YE
1-

3

Preshower
Si Strips ~16 m2

~137k ch

Foward Cal
Steel + quartz 
Fibers 2~k ch
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Global Event Description: Particle Flow

• Leptons: !± in Si Tracker: e± (EM Calorimeter), µ± (Muon System)

• Photons: γ (EM Calorimeter)

• Charged and neutral hadrons thru Hadronic Calorimer

• Build jets, τ , MET; use in isolation and pileup correction

WW → (e−ν̄)(µ+ν)

Andrei Gritsan, JHU VIII 9 July 2012
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• Cluster	  reconstruc8on	  in	  ECAL	  
– Common	  for	  both	  electrons	  and	  photons	  (Electrons	  also	  reconstructed	  as	  photons)
– Designed	  to	  collect	  bremsstrahlung	  	  and	  conversions	  in	  extended	  phi	  region

• Dedicated	  track	  reconstruc8on	  for	  electrons
– Gaussian	  Sum	  Filter	  allows	  for	  tracks	  w/large	  bremsstrahlung	  

• Photon	  iden8fica8on	  specific	  to	  Hϒϒ

Electron/Photon	  reconstruc8on

Electrons	  
ECAL	  Barrel	  (EB)
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ESC corr

ESC

E5x5

Photon	  Energy	  Scale	  and	  Resolu8on

• ECAL	  cluster	  energies	  corrected	  using	  a	  MC	  trained	  mul8variate	  regression
– Improves	  resolu8on	  and	  restores	  flat	  response	  of	  energy	  scale	  versus	  pileup

– Inputs:	  Raw	  cluster	  energies	  and	  posi8ons,	  lateral	  and	  longitudinal	  shower	  shape	  variables,	  local	  shower	  
posi8ons	  w.r.t.	  crystal	  geometry,	  pileup	  es8mators

• Regression	  also	  used	  to	  provide	  a	  per	  photon	  energy	  resolu8on	  es8mate

• To	  measure	  the	  Energy	  Scale	  and	  resolu8on:	  use	  Z->e+e-‐

Both	  EB	  |η|<1
highR9

11

Effect	  of	  the	  
regression	  on	  the	  
Z-‐>ee	  peak



Electron	  iden8fica8on

• Mul8variate	  e	  iden8fica8on	  in	  2012
–ECAL,	  tracker,	  ECAL-‐tracker-‐HCAL	  matching,impact	  parameter

–30%	  efficiency	  improvement	  in	  H→ZZ→4e	  wrt	  cut	  based	  ID

• Mul8variate	  training	  against	  background	  in	  data

Cut	  Based	  vs	  
MVA	  ID
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Muon	  reconstruc8on	  and	  iden8fica8on
• Start	  with	  par8cle	  flow	  muons

• 	  Efficiency	  above	  96%	  down	  to	  pT	  =	  5	  GeV	  
–Above	  99%	  efficiency	  for	  pT	  >	  10	  GeV

–Efficiency	  in	  data	  using	  J/Ψ	  and	  Z	  peak

J/Ψ→µµ 
Tag&Probe

Z→µµ 
Tag&Probe	   Efficiency	  is	  stable	  in	  high	  

PU	  environment
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Final	  State	  Radia8on	  recovery	  Z-‐>ll	  

µ,e µ,e γ
• Applied	  on	  each	  Z	  for	  photons	  near	  the	  
leptons	  

• Expected	  Performance	  for	  
MH=126	  GeV	  
– 6%	  of	  	  events	  affected
– Average	  purity	  of	  80%	  
– 2%	  added	  in	  analysis

 Associates	  	  photon	  with	  Z	  if:

 M(ll+γ)<	  100	  GeV

 |M(ll+γ)-‐ΜZ|<|M(ll)-‐MZ|

Z

ΔR(l,g)min<0.5 (0.07)

Par$cle	  Flow	  ID
ET>	  4	  (2)	  GeV

|η|<2.4
Isola$on
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H → Z(∗)Z(∗)
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H → Z(∗)Z(∗) → 4!

• Significant improvements since 2011, apply to both 7 and 8 TeV data

– electron identification and isolation

– muon identification and isolation

– FSR recovery

– full kinematics (MELA)

– 2D statistical analysis (m4! + kinematics)

expected signif. ∼ 2.7σ → 3.8σ
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Kinematics in H → Z(∗)Z(∗)

Andrei Gritsan, JHU XII 9 July 2012



Kinematics in H → Z(∗)Z(∗)

Andrei Gritsan, JHU XIII 9 July 2012



Matrix Element Likelihood Analysis (MELA)

MELA =



1 +
Pbkg(m1,m2, θ1, θ2,Φ, θ∗,Φ1|m4!)

Psig(m1,m2, θ1, θ2,Φ, θ∗,Φ1|m4!)





−1

• Used in H → ZZ(∗) → 2q2" in 2011
JHEP04(2012)036

from PRD81,075022(2010)

• Discriminate signal vs background

– QCD effects suppressed (no pT , Y )

independent of production mechanism
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MELA Probability Distributions

• Pbkg ∝ POWHEG template (m4! < 180 GeV): dominant qq̄ → Zγ∗

∝ JHEP11(2011)027 (m4! > 180 GeV): dominant qq̄ → ZZ

• Psig ∝ PRD81,075022(2010)

F J
00(θ

∗) ×
{

4 f00 sin2 θ1 sin2 θ2 + (f++ + f−−)
(

(1 + cos2 θ1)(1 + cos2 θ2) + 4R1R2 cos θ1 cos θ2

)

− 2 (f++ − f−−)
(

R1 cos θ1(1 + cos2 θ2) + R2(1 + cos2 θ1) cos θ2

)

+ 4
√

f++f00 (R1 − cos θ1) sin θ1(R2 − cos θ2) sin θ2 cos(Φ + φ++)

+ 4
√

f−−f00 (R1 + cos θ1) sin θ1(R2 + cos θ2) sin θ2 cos(Φ − φ−−)

+ 2
√

f++f−− sin2 θ1 sin2 θ2 cos(2Φ + φ++ − φ−−)
}

spin=0 & ≥ 2

+4F J
11(θ

∗) ×
{

(f+0 + f0−)(1 − cos2 θ1 cos2 θ2) − (f+0 − f0−)(R1 cos θ1 sin2 θ2 + R2 sin2 θ1 cos θ2)

+ 2
√

f+0f0− sin θ1 sin θ2(R1R2 − cos θ1 cos θ2) cos(Φ + φ+0 − φ0−)
}

+4F J
−11(θ

∗) × (−1)J ×
{

(f+0 + f0−)(R1R2 + cos θ1 cos θ2) − (f+0 − f0−)(R1 cos θ2 + R2 cos θ1)

+ 2
√

f+0f0− sin θ1 sin θ2 cos(Φ + φ+0 − φ0−)
}

sin θ1 sin θ2 cos(2Ψ) spin=1 & ≥ 2

+2F J
22(θ

∗) × f+−

{

(1 + cos2 θ1)(1 + cos2 θ2) − 4R1R2 cos θ1 cos θ2

}

+2F J
−22(θ

∗) × (−1)J × f+− sin2 θ1 sin2 θ2 cos(4Ψ) spin ≥ 2 unique + ...interference terms
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2D analysis MELA vs m4!
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• Model with full simulation

– include interference

– powerful sig.-bkg. separation

– little model-dependence
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MELA for Spin / Parity

psMELA =



1 +
P0−(m1,m2, θ1, θ2,Φ, θ∗,Φ1|m4!)

P0+(m1,m2, θ1, θ2,Φ, θ∗,Φ1|m4!)





−1

• Hypothesis testing

– scalar (0+) vs pseudoscalar (0−)

– may include any other model

• Simulation (http://www.pha.jhu.edu/spin)

– expected separation 1.6σ now

– 3.1σ with 5+30 fb−1
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Analysis	  performed	  “blind”

24

Last	  year
This	  year



• Irreducible	  background	  ZZ	  	  4l

– Es8mated	  using	  simula$on

– Phenomenological	  shape	  models

– Corrected	  for	  data/simula8on	  scale

– Reducible	  backgrounds	  es$mated	  from	  data

– Extrapola8on	  from	  control	  samples	  enriched	  with	  misiden8fied	  leptons

– Total	  uncertainty	  ~50%

Background	  models

4l 4l

qq	  	  ZZ	  	  4l gg	  	  ZZ	  	  4l

25

Validation	  	  in	  data

control	  sample
wrong	  flavors

&	  charges



Results:	  m(4l)	  spectrum

164	  events	  expected	  in	  [100,	  800	  GeV]
172	  events	  observed	  in	  [100,	  800	  GeV] Event-‐by-‐event	  errors

26

Yields	  for	  m(4l)=110..160	  GeV	  

2011+2012



Perform	  2D	  fit	  
–MELA	  
discriminant	  
versus	  m4l

•Data	  points	  shown	  
with	  per-‐event	  
mass	  uncertain8es

Results:	  MELA	  2D	  plots

Data	  w.r.t.	  background	  expecta8on
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Perform	  2D	  fit	  
–MELA	  
discriminant	  
versus	  m4l

•Data	  points	  shown	  
with	  per-‐event	  
mass	  uncertain8es

Results:	  MELA	  2D	  plots

28

Data	  w.r.t	  126	  GeV	  Higgs	  Expecta8on



Perform	  2D	  fit	  
–MELA	  
discriminant	  
versus	  m4l

•Data	  points	  shown	  
with	  per-‐event	  
mass	  uncertain8es

Results:	  MELA	  2D	  plots:	  high	  mass
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• Enrich	  the	  signal	  MELA	  >	  0.5
• Cut	  value	  chosen	  such	  that	  
• signal	  prob.	  >	  background	  prob.	  

Low	  mass	  region	  with	  MELA	  cut

30

121<	  m4l	  <131	  GeV



Two-‐lepton	  invariant	  mass	  plots
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Grey	  –	  is	  simula8on	  (expecta8on)	  for	  Higgs	  (126	  GeV)	  

a.
u.

121<	  m4l	  <131	  GeV



Limits	  and	  p-‐values

Expected	  exclusion	  at	  95%	  CL	  :
	  121-‐550	  GeV

Observed	  exclusion	  at	  95%	  CL	  :	  
131-‐162	  GeV	  and	  172-‐530	  GeV

Expected	  significance	  at	  125.5	  GeV	  :	  
3.8	  σ	  

Observed	  significance	  at	  125.5	  GeV:	  
3.2	  σ
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Observed	  local	  excess	  of	  events

Expected	  significance	  at	  125.5	  GeV	  :	  
3.8	  σ	  

Observed	  significance	  at	  125.5	  GeV:	  
3.2	  σ
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H → γγ



H γγ
candidate
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Search	  for	  a	  di-‐photon	  mass	  peak	  

• Blind	  analysis	  in	  2012
• Re-‐reco	  2011	  data	  into	  
unchanged	  2011	  analysis

• Background	  MC	  only	  
used	  for	  analysis	  
op8miza8on,

• 	  Z-‐>ee	  also	  to	  measure	  	  
photon	  efficiencies	  and	  
resolu8on	  with	  data

36

Interaction vertex is identified using tracks from recoiling jets and underlying event plus conversions
 correct in ~83% of cases for pileup in 2011 sample.
 correct in ~80% of cases for pileup in 2012 sample.
Vertex identification with a BDT
 Input variables: Σpt

2, Σpt projected onto the γγ transverse direction, pt asymmetry and conversions



Diphoton	  Mul8variate	  Analysis
• Diphoton	  MVA	  trained	  on	  signal	  and	  background	  MC	  with	  input	  variables	  largely	  
independent	  of	  mγγ

– Kinema8cs:	  pT	  and	  η	  of	  each	  photon,	  and	  cosΔφ	  between	  the	  2	  photons

– Photon	  ID	  MVA	  output	  for	  each	  photon
– per-‐event	  mass	  resolu8on	  and	  vertex	  probability

• Encode	  all	  relevant	  informa8on	  on	  signal	  vs	  bkg.	  discrimina8on	  (aside	  from	  mγγ	  
itself)	  into	  a	  single	  di-‐photon	  MVA	  output	  	  to	  first	  order	  independent	  of	  mγγ)

37
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Di-‐jet	  tagging

38

Di-‐jet	  event	  with:	  
•	  diphoton	  mass	  121.9	  GeV
•	  dijet	  mass	  1460	  GeV
•	  jet	  pT:	  288.8	  and	  189.1	  GeV	  
•	  jet	  η:	  -‐2.022	  and	  1.860



Category	  Performance
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7	  TeV	  Mass	  Distribu8on	  in	  Categories

• Background	  model	  is	  en8rely	  
from	  data.

• Fit	  to	  mass	  distribu8on	  in	  
each	  category	  with	  
polynomial	  func8ons	  (3rd	  to	  
5th	  degree)
– keep	  bias	  below	  20%	  of	  fit	  error.

– causes	  some	  loss	  of	  
performance	  due	  to	  number	  of	  
parameters	  in	  fit	  func8on.

Untagged 0 Untagged 1 Untagged 2

Untagged 3 Dijet tag
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8	  TeV	  Mass	  Distribu8on	  in	  Categories

Untagged 0 Untagged 1 Untagged 2

Untagged 3 Dijet tight Dijet loose
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Fit	  Results	  in	  Categories
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S/B	  Weighted	  Mass	  Distribu8on
• Sum	  of	  mass	  distribu8ons	  for	  each	  event	  class,	  weighted	  by	  S/B

– B	  is	  integral	  of	  background	  model	  over	  a	  constant	  signal	  frac8on	  interval
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95%	  CL	  Exclusion	  for	  SM	  Higgs	  

• Expected	  95%	  CL	  exclusion	  0.76	  ]mes	  SM	  at	  125	  GeV

• Large	  range	  with	  expected	  excusion	  below	  σSM
• Largest	  excess	  at	  125	  GeV 44



P-‐Values

• Minimum	  local	  p-‐value	  at	  125	  GeV	  with	  significance	  of	  	  4.1	  σ

45



Two	  channels	  ZZ	  and	  2gamma	  combined
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• Comb.	  significance:	  5.0	  σ
• Expected	  4.7	  σ	  



H → WW (∗)



Higgs → WW (∗) → (!−1 ν̄)(!+
2 ν)

• Partial reconstruction

|m!! − mZ| > 15 GeV

projected (⊥ !) MET >40 GeV (!!)
>20 GeV (eµ)

• Require 0, 1, and 2 (VBF) jets

• Reject top: soft µ and b-tag veto

130 GeV: m!!<45 GeV 80<mT<125 GeV ∆φ!!<π/2

Andrei Gritsan, JHU XX July 9, 2012
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Higgs → WW (∗) → (!−ν̄)(!+ν)

• 7 TeV data analysis unchanged (BDT, shape)

• 8 TeV data analysis – cut based

– shape fit in development

– excess consistent with ZZ

• RWW/ZZ = 0.9+1.1
−0.6

Andrei Gritsan, JHU XXI January 13, 2012
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H → bb̄



Analysis	  Strategy

Less	  reducible:	  
V+bb,	  ZZ(bb),	  WZ(bb)

Reducible	  Backgrounds:	  
QCD,	  top,	  W/Z+	  light	  jets

5	  channels
Z(ll)H(bb)
Z(νν)H(bb)
W(lν)H(bb)

Associated	  Produc8on	  
=>	  final	  states	  with	  
leptons,	  MET	  and	  b-‐jets

Boosted	  vector	  bosons:	  
pT(V)	  -‐>	  2	  ranges
2	  b-‐tagged	  jets	  (H-‐>bb)
Back-‐to-‐back	  V	  and	  H,	  
reconstruct	  mbb 

Main	  backgrounds	  
es8mated	  from	  data	  in	  
control	  regions	  (scales)
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H-‐>bbExamples	  of	  final	  MVA	  
distribu$ons

	  W(µν)H(bb)	  	  
8	  TeV	  

Z(ee)H(bb)	  	  
8	  TeV	  

Z(νν)H(bb)	  	  
8	  TeV	  
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illustra]on	  of bb	  mass	  



H → τ+τ−



Mass	  Distribu8ons	  in	  Event	  

eμ

 Constrains	  energy	  
scales	  and	  efficiencies
 Large	  Drell-‐Yan	  
background

 Sensi8vity	  boosted	  by	  
low/high	  pT	  split

eτh

 Enhanced	  sensi8vity	  
to	  VBF	  produc8on
 Highest	  sensi8vity	  
for	  	  mH	  <	  130	  GeV

 Enhanced	  sensi8vity	  to	  
gluon	  fusion	  
 Improved	  mass	  
resolu8on

 Sensi8vity	  boosted	  by	  
low/high	  pT	  split

0	  Jet
Boosted

VBF

μτh
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4x5	  channels
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Results	  for	  H→ττ

• ~2x	  improvement	  in	  sensi8vity	  	  
– =>	  70%	  improvement	  in	  sensi8vity	  on	  the	  same	  data	  
– 40%	  improvement	  with	  the	  addi8onal	  luminosity	  

• No	  significant	  departure	  from	  SM	  background-‐only	  expecta8on
– Observed	  limit	  of	  1.06	  x	  SM	  at	  mH	  =	  125	  GeV	  (expected	  1.28)



Fit Boson and Fermion couplings 

solid contour:  68% CL
dashed contour:  95% CL

• Group	  the	  Higgs	  couplings	  
into	  “Vectorial”	  and	  
“Fermionic”

• Aiach	  a	  modifier	  to	  the	  
SM	  predic]on	  of	  each	  of	  
those	  Cv	  CF

• Use	  LO	  theore]cal	  
predic]ons	  for	  loop-‐
induced	  processes

• In	  agreement	  with	  SM	  
within	  95%	  CL
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SM Higgs: High Mass

• Extensive effort across the full mass range:

H → ZZ → 4!, 2!2τ, 2!2q, 2!2ν

H → WW → 2!2ν, 2q!ν

• Recent updates:

H → ZZ → 2!2ν H → WW → 2!2ν H → WW → 2q!ν

Andrei Gritsan, JHU XXIV 9 July 2012
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SM Higgs Exclusion

• Excluded SM Higgs in the full search range

– except for a narrow range around 125 GeV
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Andrei Gritsan, JHU XXV 9 July 2012
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• Likelihood	  scan	  for	  mass	  and	  
signal	  strength	  in	  three	  high	  
mass	  resolu8on	  channels

• results	  are	  self-‐consistent	  and	  	  	  	  	  	  	  	  	  	  	  	  
can	  be	  combined

Characteriza8on	  of	  the	  excess	  

59

The observed state has mass 
near 125.3 ± 0.4 ± 0.5 GeV

Overall best-fit signal strength 
in the combination: 
σ/σSM = 0.80±0.22



Observation of a New Boson

• Observation of a New Boson on CMS: 5σ excess

X → Z(∗)Z(∗) X → γγ

 [GeV]4lm
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CMS Preliminary -1 = 8 TeV, L = 5.26 fbs ; -1 = 7 TeV, L = 5.05 fbs

• What we know:

– it is a boson, spin #=1 ⇒ spin = 0 or 2... (nothing like this before)

– it couples to vector bosons

• What we do not know:

– if it is the Higgs boson, if couples to Fermions (matter)

– expect it to be elementary, if not ⇒ even more interesting...

– if it is a tip of an iceberg of new exciting states of matter / energy

Andrei Gritsan, JHU XXVI 9 July 2012



CMS	  collabora8on
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BACKUP



All channels combined 

solid contour:  68% CL
dashed contour:  95% CL
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Angular / Mass Distributions

• The JHU generator: http://www.pha.jhu.edu/spin
See also ICHEP talk ”Determination of properties of a Higgs–like resonance at LHC”

https://indico.cern.ch/getFile.py/access?contribId=473&sessionId=53&resId=0&materialId=slides&confId=181298
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Amplitude for Spin-0

• Amplitude for XJ=0 → V1V2 (see wine-and-cheese April 30, 2010)
http://theory.fnal.gov/jetp/talks/gritsan2010.pdf

A = v−1ε∗µ1 ε∗ν2

(

a1gµνM
2
X + a2 qµqν + a3εµναβ qα

1 qβ
2

)

• SM Higgs 0+: (a1) CP ∼few% (a2) CP ∼10−10 ? (a3) CP%

(or beyond SM) (or beyond SM)

• 3 amplitudes (“experiment”) ⇔ 3 coupling constants (“theory”)
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